We investigate the effects of implanting silicon directly into a silicon waveguide to modify carrier lifetime. Experimental results show over 85% reduction in the carrier lifetime for only a small net increase in optical absorption.
INTRODUCTION
The Raman Effect has been used successfully to produce a silicon laser [1] , however very high intensity pump lasers are required to generate amplification due to a non linear effect known as two photon absorption [2] . P-i-N structures have been used as one way to remove these carriers, and hence reduce the effective carrier lifetime. However, they appear less effective at high powers due to carrier screening of the reverse bias voltage.
It has been already shown that implanting helium into rib waveguides [3] can reduce the carrier lifetime without a drastic increase in the propagation loss. In this paper we discuss the use of ion induced defects to trap the carriers generated from the two photon absorption process, and the effect of the implanted defects on propagation inside the waveguide. If a "sweet spot" can be found that gives low carrier lifetimes and low propagation loss for a given device dimension, then there is the possibility of high Raman gain.
It is obvious that as the core size of the rib waveguide decreases, the ratio of core-cladding interface to core area increases. Thus surface recombination is increased and shorter lifetimes should be expected for smaller devices. However, coupling losses are increased for these small devices. For some applications a waveguide is needed with the lifetime of a small waveguide, but with the coupling efficiency of a larger waveguide. Thus, producing a layer of defects within a rib waveguide to modify lifetime, as if it were an artificial surface is reported in this work, utilising ion implantation into the rib.
Ion implantation modelling has been carried out in ATHENA [4] to find the position of the damage in relation to the rib waveguide. The depth of the implanted damage will have an effect on both the free carrier lifetime and the optical loss inside the waveguide. Ion implantation energies were chosen that gave a range of damage depths into the rib waveguide. These ranged from surface implants to fully implanted waveguides. Ion dose (hence defect concentration) was also investigated.
EXPERIMENTAL RESULTS
The experimental investigation consisted of the measurement of excess optical loss introduced by the implanted silicon ions and the measurement of any reduction in the free carrier lifetime caused by the implanted ions.
Measurement of excess optical absorption
Using a broadband source with a wavelength range of 1530nm to 1610nm, optical absorption measurements were performed. Each waveguide on a specific test chip had a predefined implanted length which varied from fully implanted (8000 microns) to zero (un-implanted). Output power was compared with implanted length to calculate the excess loss introduced for the chosen energy and dose of the implants. The waveguides used had a height of 1.35microns and a rib width of 1micron. Figure 1 shows an example of some of the energies and doses chosen in this experiment and the associated excess loss. The loss of the waveguides prior to implantation was in excess of 1dB/cm.
It can be seen from Fig.1 that optical absorption increased with both dose and energy, as expected. Therefore concentration of the defects as well as their position in relation to the optical mode is important. There is a large increase in optical absorption when the ion energy was increased from 400 keV to 750 keV. This corresponded with our initial speculation that loss would increase as the defects started to overlap with the mode profile. 19.00-21.00 
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Measurement of free carrier lifetime
Using the same broadband source as before carrier lifetime measurements were performed for each chip. This experimental setup was essentially the same as for the optical loss measurement, but with the addition of a Femto second laser directed onto the top of the waveguide. Figure 2 shows a diagram of the experimental technique used.
Directing the pump beam from above, onto the waveguide being measured, allowed both implanted and unimplanted regions to be measured independently, giving an accurate indication of the lifetime change, since this method allowed near simultaneous investigation of implanted and un-implanted regions, and hence near identical experimental conditions. The generation and exponential recovery of carriers was then displayed on a Digital oscilloscope via a 12GHz fibre coupled detector. A typical trace can be seen in figure 3 . Originlab [7] , a commercial data analysis and graphing tool, was used to calculate the free carrier lifetime from the exponential decay of the waveform, using an exponential fitting tool. Figure 4 displays excess loss data for a 400 keV implant energy, previously seen in figure 2 , compared with the percentage reduction in free carrier lifetime. The implanted carrier lifetime for each corresponding dose is also shown. The un-implanted waveguide had an average lifetime of ~4ns. 
CONCLUSIONS
This preliminary investigation shows that implanting silicon ions into a silicon waveguide can significantly reduce the free carrier lifetime. Lifetimes as low as 0.57ns have been measured for only a 0.54±0.07dB/cm increase in optical loss. As predicted, free carrier lifetime decreases for an increasing dose whereas excess loss increases. A more detailed study needs to be undertaken to see if an optimum condition exists, which gives a low free carrier lifetime and a low excess loss. 
